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013.08.0Abstract Allocation of distributed generation (DG) units is commonly formulated as a con-
strained nonlinear optimization problem solved by complex iterative mathematical or heuristic
techniques. Heavy computational burden, very long solution time, probable divergence and possi-
bility of getting only a sub-optimal solution are some serious drawbacks. In this paper, a systematic
simple approach to allocate multiple DG units in radial/meshed distribution network is proposed.
The concept of equivalent load is introduced and extended to identify the load centroid precisely
with two methods. A performance index that combines the power system real power loss and aver-
age node voltage is deﬁned. Based on load centroid and performance index, a straightforward algo-
rithm for sizing and locating multiple DG units is developed. The proposed technique is applied to
radial and meshed test systems. Results conﬁrm stability, integrity and efﬁcacy of the proposed
approach.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Distributed generation (DG) involves the interconnection of
small-scale distributed energy resources with the main power
utility at distribution voltage level [1–5]. DG mainly consti-
tutes non-conventional and renewable energy sources like solar
PV, wind turbines, etc. Like many other technologies, DG has.uk
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11some disadvantages along with so many advantages [6–10].
Among advantages of DGs, one can mention improvement
in power quality, reliability, and power loss reduction.
Unfortunately, the area that is signiﬁcantly affected by DG
incursion is protection coordination of the utility distribution
system. DG can reduce power loss and can improve node volt-
ages. Sometimes the two achievements can be contradictive
[5,9]. Further power loss lowering can be at expense of worse
voltage proﬁle and vice versa. These two main outcomes
should be compromised to get an optimal overall performance
[5,11]. Meanwhile, these effects are highly dependent on DG
allocation in the distribution system. Sizes and locations of
DG units have to be determined carefully to optimize the over-
all performance resulting in technical and economic beneﬁts
due to DG installation. Unless DG units are well planed, they
can degrade system techno-economic performance [11–16].aculty of Engineering, Alexandria University.
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DG allocation. Almost All known methods model the task as
an optimization problem based on certain objective
function(s) and constraints. The formulated optimization
problem is commonly solved using various versions of heuris-
tic techniques like SA, GA, PSO, ABC, etc. [9–15]. All these
techniques are iterative methods that form a heavy computa-
tional burden and are very time consuming especially for
fairly big networks. Many of which can just produce a sub-
optimal solution at the end [3,4]. Others suffer from possible
divergence or need good initial solution. Other methods that
depend on deterministic closed-form solutions are very rare.
An analytical expression to calculate the optimal size and a
methodology to identify the corresponding optimum location
for DG placement for minimizing the total power losses in
distribution systems are presented in [1]. The analytical
expression and the methodology are based on the exact loss
formula. This methodology can only identify the best location
for a single DG. Also, the voltage of system nodes is not
considered.
The concept of load centroid is addressed as a helpful tool
in distribution system expansion planning studies [17–19]. A
method that makes use of load centroid is reported in [8].
The idea behind which is that if the main source supplies only
one load, the best decision is to install prospective DG at the
load place. As many loads at different nodes are supplied, it
will be the best to install DG at the load center of gravity
(centroid) [5,8]. As a concept, the load centroid is equivalent
to the point of action of the resultant force of a group of
forces in mechanics. Alternatively, it is similar to center of
gravity of a big object formed from a number of parts. The
method described in [8] depends on deﬁning a circle of action
for a given single DG unit. Then, the load centroid is deter-
mined for the loads within that circle. The centroid is selected
as the location of the concerned DG unit. The selection is ver-
iﬁed by comparing network performance at other possible
nodes. The method assumes a simple radial network fed at
one end.
In this paper, a systematic simple approach to allocate mul-
tiple DG units in any distribution network is proposed. The
concept of equivalent load is introduced and extended to iden-
tify the load centroid precisely. A complete straightforward
procedure for sizing and locating multiple DG units to opti-
mize the deﬁned performance index is developed.
2. The proposed algorithm
The equivalent aggregated load is calculated as follows:
Pe ¼
XN
n¼1
Pn ð1Þ
Qe ¼
XN
n¼1
Qn ð2Þ
where Pe is the equivalent active power component of the
aggregated load; Pn is the active power component of the load
at bus number n; Qe is the equivalent reactive power
component of the aggregated load; Qn is the reactive power
component of the load at bus number n; and N is the total
number of buses.The power system performance index (PI) combines two
terms to express both total active power loss (Ploss) and the
average node voltage deviation (ANVD). It is always required
to get the least value of PI. It is formed as follows:
PI ¼ PlossþK ANVD ð3Þ
ANVD ¼ 1
P
nVn
N

 ð4Þ
where K is selective weighting factor; Vn is the voltage of nth
node in p.u.
It is assumed that:
 Bus 1 is the slack bus.
 Each DG unit is 0.9 power factor lagging.
 The set of available DG unit size is a discrete limited set.
 Only one DG unit is allowed at a given bus.2.1. Load centroid identiﬁcation algorithm
Load centroid is speciﬁed using method 1 or method 2 as given
below.
(i) Method 1
1. Compute the PI for the base case system without DG
(PI0) by power ﬂow analysis.
2. Disconnect all loads.
3. Put a load of Pe and Qe at bus 2. Then estimate PI
and save it in a vector called PIE.
4. Move the load Pe and Qe to bus 3 and repeat step 3.
5. Repeat step 4 for every bus until bus N.
6. Identify the absolute difference between each value in
the vector PIE of N  1 elements and PI0. Save the
difference in a vector called DPIE.
7. Determine the order of the element with the least
absolute value in DPIE, g.
8. The load centroid is at bus number busDG such that
busDG = g+ 1. busDG is the best location to install
a DG unit of a proper size.Fig. 1 depicts a ﬂowchart of method 1.
(ii) Method 2
1. Assume a load level of 0.1 of normal value for all
loads. Compute Pe and Qe by Eqs. (1) and (2).
2. Disconnect all loads.
3. Put a load of Pe and Qe at bus 2. Then estimate PI
and save it in vector called PIE.
4. Move the load Pe and Qe to bus 3 and repeat step 3.
5. Repeat step 4 for every bus until bus N and store the
vector PIE of N  1 elements.
6. Repeat steps 1–5 for all load levels from 0.2 to 1.0
with 0.1 incremental step.
7. Sum the obtained ten PIE vectors together to get one
vector called PIEs.
8. Determine the order of the element with maximum
value in PIEs, g.
9. The load centroid is at bus number busDG such that
busDG = g+ 1. busDG is the best location to install
a DG unit of a proper size.
Read
system data
 Run power flow
Compute performance 
index PIo
Compute Pe and Qe
Disconnect all loads
n =2
Connect a load of Pe and Qe at
node number n
Compute performance index and 
store in a vector named PIE
n=n+1
n≤N
Calculate the difference vector 
DPIE=PIE-PIo
Determine the minimum element 
in DPIE and its place g 
Centeroid at bus g+1
yes
no
Figure 1 Flowchart of method 1.
Read
system data
Consider load level m=0.1
Compute Pe and Qe
Disconnect all loads
n =2
Connect a load of Pe and Qe at
node number n
Compute performance index and 
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n=n+1
n≤N
          PIE=current PIE+ previous PIE
Determine the maximum element 
in PIE and its place g 
Centeroid is at 
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no
m<1
m=m+0.1
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no
Figure 2 Flowchart of method 2.
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2.2. DG unit allocation algorithm
1. To get the optimal DG penetration (total size), a direct
search technique is applied. For the base case system,
with all loads connected, add a DG at busDG of active
power size as 1% of Pe. Calculate PI under this condi-
tion and save it in a vector called PIS.
2. Repeat step 2 for different DG sizes from 2% to 100% of
Pe with 1% incremental step.
3. Specify the DG size corresponding to the minimum
value in PIS. This is considered as the total optimal
DG size PDGT.
4. Install a ﬁrst DG unit of the maximum available size at
busDG1such that busDG1 = busDG.
5. Compute PDGr = PDGT  PDG. PDG is the total DG
active power that has been actually added. Let PDGmin
is the minimum available standard DG size. If
PDGr < PDGmin, no more DG units is added. Otherwise,
treat the ﬁrst (previous) DG unit as a negative load, cal-
culate new value of Pe and Qe.
6. Repeat load centroid identiﬁcation algorithm as
described above to determine the new load centroid that
is the location of the second (next) DG unit busDG2 such
that busDG2 „ busDG1 (use a proper penalty factor forbusDG1 in load centroid identiﬁcation algorithm). Add
a second (next) DG unit of size PDG2 that is equal to
the biggest available standard DG unit size such that
PDG2 < PDGr.
7. Go to step 5.
Fig. 3 shows a ﬂowchart of DG planning.
Power network can have a changeable topology due to the
varying operating conditions. For DG allocation problem,
topology variation can be treated by one of the following
thoughts:
(1) If there is a predominant topology that occurs most of
time, it is assumed as the permanent topology through-
out the proposed algorithm. The system performance
will be optimal for this most probable conﬁguration
and not optimal for other less probable ones. This can
result in a sub-optimal overall performance.
(2) For every possible network topology, conduct the
proposed DG allocation algorithm and estimate the
total DG power. The solution corresponding to
the topology with the biggest DG power is selected
as the best overall solution. Actually, a similar proce-
dure is used in FACT devices allocation studies [20].
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658 A. ElmitwallyThis issue is a signiﬁcant factor to consider in a future
work.
3. Application and case studies
The proposed algorithm is applied to 3 test systems. This sec-
tion reports the obtained results for optimal placement and siz-
ing of multiple DG units. DG unit power factor is assumed
constant at 0.9 [13].
3.1. IEEE 13-bus distribution test feeder
It is a radial distribution system fed at one end as revealed in
Fig. 4. The system description and data are given in [21]. The
base MVA is 20. The basic system total real power loss is
157 kW and PI is 0.217. The total supplied load is 3.26 MW
and 1.98 Mvar. Available Standard DG sizes are assumed to
be 2, 1 and 0.5 MW.
3.1.1. Using method 1
The load centroid is located at bus 5. The optimal total DG
size is found as 2.94 MW corresponding to 90% DG penetra-
tion level. This will reduce PI by 51%. Fig. 5 depicts the vari-
ation in PI and its differential variation (multiplied by 50) with
DG penetration level at bus 5. Table 1 indicates the decided
DG units and their corresponding effect on system perfor-
mance. The system bus voltages are compared to the basicRead system data and 
available DG sizes
Add a DG unit at node 
busDG (centroid)
Take penetration level 
R=0.01
DG size=R x Pe
Compute performance index 
PI and save it in a vector PIS
R=current R + 0.01
R<1
Determine minimum value of PIS and its 
corresponding value of R (Rm)
Total DG power 
PDGT=Rm x Pe
Find  available limits of DG 
size PDG, max and PDG,min
PDGT≥PDG,max
Decide a DG unit at busDG
with size PDG,max
Calculate total power of 
decided DG units PDG
Update PDGT
PDGT=PDGT-PDG
PDGT<PDG,min
Treat previously decided DG unit as 
negative load and update Pe,Qe
Determine the new centroid that is the 
location of next DG unit
PDGT≥PDG,min
Decide a DG unit at busDG
with the nearest size to PDGT
stop
yes
yes
yes
yes
no
no
no
no
Figure 3 Flowchart of DG planning.
Figure 5 Variation in PI and its differential variation for 13-bus
system using method 1.conditions as shown in Fig. 6. It is noticed that all bus voltages
are corrected to be within 0.95 and 1.05 standard limits after
integration of these 2 DG units.
3.1.2. Using method 2
The load centroid is located at bus 11. The optimal total DG
size is found as 1.96 MW corresponding to 60% DG penetra-
tion level. This will reduce PI by 56.75%. Fig. 7 depicts the
variation in PI and its differential variation with DG penetra-
tion level at bus 11. Only one DG unit of 2 MW size at bus 11
is the optimal decision. It reduces total real power loss and PI
by 51% and 56.73%, respectively. The system bus voltages are
compared to the basic conditions as shown in Fig. 8. It is no-
ticed that all bus voltages are corrected to be within 0.95 and
1.05 standard limits after DG integration.
3.2. 25-Bus distribution test feeder
It is formed as two pieces of IEEE 13-bus distribution test fee-
der connected at bus 12 and fed only at bus 1 as shown in
Fig. 9. The base MVA is 40. The total supplied load is
6.53 MW and 3.97 Mvar. The basic system total real power
loss is 472 kW and PI is 0.579. Available standard DG sizes
are assumed to be 2, 1.5, 1 and 0.5 MW.
3.2.1. Using method 1
The load centroid is located at bus 12. The optimal total DG
size is found as 6.53 MW corresponding to 100% DG
penetration level. This will reduce PI by 80.68%. Fig. 10 de-
Table 1 Decided DG units and their effect on system
performance for 13-bus system using method 1.
DG unit Location Size (MW) % Reduction
in PI
% Reduction
in power loss
1 Bus 5 2 45.68 46.24
2 Bus 11 1 62.63 62.8
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Figure 6 Node voltage for 13-bus system using method 1.
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Figure 7 Variation in PI and its differential variation for 13-bus
system using method 2.
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Figure 8 Node voltage for 13-bus system using method 2.
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Figure 9 25-Bus distribution test feeder.
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Figure 10 Variation in PI and its differential variation for 25-bus
system using method 1.
Table 2 Decided DG units and their effect on system
performance for 25-bus system using method 1.
DG unit Location Size
(MW)
% Reduction
in PI
% Reduction
in power loss
1 Bus 12 2 43.95 46.40
2 Bus 15 2 78.94 80.85
3 Bus 14 2 89.26 87.10
4 Bus 7 0.5 88.71 87.42
A new algorithm for allocating multiple distributed generation units 659picts the variation in PI and its differential variation with DG
penetration level at bus 12. Table 2 indicates the decided DG
units and their corresponding effect on system performance.
The system bus voltages are compared to the basic conditions
as shown in Fig. 11. It is noticed that all bus voltages are cor-
rected to be within 0.95 and 1.05 standard limits after integra-
tion of these 4 DG units.
3.2.2. Using method 2
The load centroid is located at bus 17. The optimal total DG
size is found as 3.27 MW corresponding to 50% DG penetra-
tion level. This will reduce PI by 55.05%. Fig. 12 depicts the
variation in PI and its differential variation with DG penetra-
tion level at bus 17. Table 3 indicates the decided DG units and
their corresponding effect on system performance. The system
bus voltages are compared to the basic conditions as shown in
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Figure 11 Node voltage for 25-bus system using method 1.
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Figure 12 Variation in PI and its differential variation for 25-bus
system using method 2.
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Figure 13 Node voltage for 25-bus system using method 2.
Figure 14 IEEE 30-bust meshed test system.
660 A. ElmitwallyFig. 13. It is noticed that all bus voltages are corrected to be
within 0.95 and 1.05 standard limits after integration of these
2 DG units.
3.3. IEEE 30-bust meshed test system
The system is shown in Fig. 14 and its data are given in [22].
The base MVA is 100. It is used in [2,3], to examine methods
for DG allocation in meshed power systems. The total supplied
load is 283.4 MW and 126.2 Mvar. The basic system total real
power loss is 23.34 MW and PI is 23.46. Available standard
DG sizes are assumed to be 50, 20 and 10 MW.
3.3.1. Using method 1
The load centroid is located at bus 2. The optimal total DG
size is found as 209.7 MW corresponding to 74% DG penetra-
tion level. This will reduce PI by 38.62%. Fig. 15 depicts theTable 3 Decided DG units and their effect on system performance
DG unit Location Size (MW)
1 Bus 17 2
2 Bus 22 1.5variation in PI and its differential variation with DG penetra-
tion level at bus 2. Table 4 indicates the decided DG units and
their corresponding effect on system performance. The system
bus voltages are compared to the basic conditions as shown in
Fig. 16. It is noticed that all bus voltages, except bus 10, bus 11
and bus 12, are corrected to be within 0.95 and 1.05 standard
limits after integration of these 5 DG units. The ﬁnal voltage at
bus 10, bus 11, and bus 12 is slightly higher than 1.05. This is
due to the existence of a big capacitor bank of 19 Mvar at bus
10. Removal of this capacitor after DG installation correctsfor 25-bus system using method 2.
% Reduction in PI % Reduction in power loss
50.07 51.48
73.90 74.09
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Figure 15 Variation in PI and its differential variation for IEEE
30-bus system using method 1.
Table 4 DG units and their effect on system performance for
IEEE30-bus system using method 1.
DG unit Location Size (MW) % Reduction
in PI
% Reduction
in power loss
1 Bus 2 50 17.20 17.22
2 Bus 9 50 45.13 45.07
3 Bus 6 50 61.50 61.35
4 Bus 28 50 68.75 68.68
5 Bus 13 10 69.41 69.24
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Figure 16 Node voltage for IEEE 30-bus system using method 1.
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Figure 17 Variation in PI and its differential variation for IEEE
30-bus system using method 2.
Table 5 DG units and their effect on system performance for
IEEE30-bus system using method 2.
DG unit Location Size (MW) % Reduction
in PI
% Reduction
in power loss
1 Bus 5 50 38.33 38.35
2 Bus 15 50 58.44 58.31
3 Bus 24 50 67.41 67.35
4 Bus 14 10 68.29 68.25
0 5 10 15 20 25 30
0.8
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Figure 18 Node voltage for IEEE 30-bus system using method 2.
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1.05 p.u.
3.3.2. Using method 2
The load centroid is located at bus 5. The optimal total DG
size is estimated as 158.7 MW. DG penetration level is 56%.
This will reduce PI by 63.62%. Fig. 17 depicts the variation
in PI and its differential variation with DG penetration level
at bus 5. The decided DG units and their corresponding effect
on system performance are given in Table 5. The system bus
voltages are compared to the basic conditions as shown in
Fig. 18. It is noticed that all bus voltages, except bus 10, bus11, and bus 12, are corrected to be within 0.95 and 1.05 stan-
dard limits after integration of these 4 DG units. The ﬁnal volt-
age at bus 10, bus 11, and bus 12 is slightly higher than 1.05.
This is due to the existence of a big capacitor bank of 19 Mvar
at bus 10. Removal of this capacitor after DG installation cor-
rects the voltage at the concerned buses to be between 0.95 and
1.05 p.u. Also, removing the 4.3 Mvar capacitor bank at bus
24 will adjust the voltage at bus 23 and bus 24.
3.4. Comparative evaluation
Table 6 compares the performance attained by method 1 and
method 2 for the above case studies. Generally, both methods
result in DG allocation pattern that is capable of correcting
Table 6 Performance comparison of method 1 and method 2.
Case
study
Method 1 Method 2
Total DG
power, MW
DG units,
MW
% Reduction in
Power loss
Total DG
power, MW
DG units,
MW
% Reduction in
Power loss
13-bus 3 2, 1 62.8 2 2 56.73
25-bus 6.5 2, 2, 2, 0.5 87.42 3.5 2, 1.5 74.09
30-bus 210 50, 50, 50,
50, 10
69.24 160 50, 50, 50,
10
68.25
bus18
bus19
bus20
bus21
bus22
bus23
bus24
bus25
bus26
bus27
bus29
bus30
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Figure 19 Voltage proﬁles for sensitive buses.
662 A. Elmitwallynode voltage proﬁle and reducing power loss. It can be noted
that method 1 performs a slightly better than method 2. This
can be attributed to that method 1 produces bigger number
of DG units with greater DG power. DG locations are not
the same for both methods but close to each other. On the
other hand, method 2 better utilizes DG resources. It provides
higher reduction in power loss per MW of installed DG power
for all case studies. Eventually, both methods offer a good op-
tion for electrical centroid identiﬁcation and multiple DG units
planning.
3.5. Comparison to reported techniques
Two different techniques for allocating DG units are described
in [2,3]. The both are applied to the same IEEE 30-bus system
given in Section 3.3 above. The results of [2,3] are not identical
for both size and location of DG units. Generally, two DG
units are found optimal of total capacity less than 100 MW
that gives a penetration level of only 20–30%. This is fairly
low compared to a projected 40–60% penetration level in
many utilities. The resultant maximum reduction in power loss
ranges between 30% and 40%. This is much less than the
power loss reduction obtained in Section 3.3, Tables 4 and 5,
using the proposed method even after installing only the ﬁrst
two DG units. The weak buses of this system according to
voltage stability are found using continuity power ﬂow [2].
Fig. 19 shows the weakest four buses that are most vulnerable
to voltage collapse as their voltage decreases quickly with load-
ing increase. Hence, weakest buses 19, 24, 26, 30 and vicinity
need voltage support by DG [10]. The results in Tables 4
and 5 meet that requirement.None of comparable previous works have provided the run
time of the optimization problem solution algorithm. They
usually prove the efﬁcacy of their methods in terms of power
system performance indices. All evolutionary optimization
techniques evaluate millions of candidate solutions before con-
verging to the optimal one. Hence, it is expected to take long
solution times that depend on the problem size, i.e. the number
of variables to be determined. In recent papers, the author has
studied the capacitor bank planning problem in [12] and DG
allocation problem in [23]. Both problems are solved using
heuristic optimization techniques. Modiﬁed simulated anneal-
ing is used in [12] and differential evolutionary algorithm is
used in [23]. For 30-bus radial distribution system studied in
[23], the solution time of DG allocation problem is longer than
three hours on Pentium 4, 3.1 MHz PC. The solution time of a
similar size problem as discussed in this paper does not exceed
2–3 min on the same PC.4. Conclusion
A systematic simple approach to allocate multiple DG units in
radial/meshed distribution network is proposed. The concept
of equivalent load is introduced and extended to identify the
load centroid precisely with two methods. A performance in-
dex that combines the power system real power loss and aver-
age node voltage is deﬁned. Based on load centroid and
performance index, a straightforward algorithm for sizing
and locating multiple DG units is developed. The proposed
technique is applied to radial and meshed test systems. Results
show that installing the decided DG units achieves great reduc-
tion in power loss and keep node voltages between 0.95 and
1.05 p.u. This is veriﬁed via comparison to two recent methods
based on complex heuristic optimization techniques.
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